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Introduction
Polysaccharides are common structural and storage polymers in both aquatic and terrestrial organisms. They represent 20-40 wt.% of plankton (Parsons et al., 1984) , more than 40 wt.% of bacteria ( Moers et al., 1993) , and more than 75 wt.% of vascular plants ( Moers et al., 1993) . In lakes, the great variety of carbohydrate compounds is a consequence both of autochthonous production and degradation of aquatic biota, in addition to inputs of carbohydrates from plants and soils of the surrounding area. Given their abundance in living organisms, their diversity and the ease with which they can be degraded, carbohydrates have potential as tracers of sources and alteration processes in natural waters.
In eutrophic lakes, which have seasonally anoxic bottom waters and permanently reducing sediments, both waters and sediments are the sites of intensive organic carbon production and consumption (Sarazin et al., 1995) . In addition to diagenetic transformations, sinking organic matter-rich particles are extensively and selectively degraded during their transit to bottom sediments ( Meyers and Ishiwatari, 1995) .
We report here on the carbohydrate composition of trap and core sediments from Aydat lake, a small eutrophic lake located in the French Massif Central. Following the study of fatty acids in some traps (Maurin et Bourdier, unpublished data) and bottom sediments (Stefanova and Disnar, 2000) and the study of amino-acids at the water-sediment interface ( Albéric et al., 1996) , the aim of the present work focuses mainly on the sources of the sedimentary OM through carbohydrate analysis and on the degradation of these compounds during settling and early diagenesis. The main conclusion is that such a productive medium (primary planktonic production) is also the site for intensive microbial activity. This microbial activity results in partial degradation, and a change in the original compound distribution during settling, even at rather shallow depth (<15 m).
Experimental

Study site
Aydat lake is located in the French Massif Central, 25 km SW of Clermont-Ferrand, at 825 m above sea level. It originates from the damming of a small river, La Veyre, by a basaltic flow 7500 years ago. It has a surface area of 6×10 5 m 2 and an average depth of 7.8 m, with a maximum depth of 15 m. The physical (Poulin, 1996) and chemical ( Michard et al., in press) annual survey of the lake mainly shows that it is typically eutrophic and develops an anoxic hypolimnion from May to October. Stratification reaches its maximum in September with an oxycline at 4-5 m below the surface, and disappears totally after the overturn in November ( Michard et al., in press) . In contrast to the water column, the sediment is permanently anoxic. The permanence of the stratification of the water body between the periods of overturn is proven by the results of the chemical survey ( Sarazin and Michard et al., 2000) and even better, by the continuous recording of the water temperature every 2 m, during the whole study year ( Poulin, 1996) . According to this recording, a gale and a high wind perturbed the water column in May and July 1996, respectively. The first one provoked a partial mixing of the water column down to 7 m and the second one only to 3 m depth. These observations allow us to stress that contrary to other lakes ( Hicks et al., 1994) or even marine environments ( Cowie and Hedges, 1984) , there is no, or very little, sediment resuspension in lake Aydat.
The algal production is dominated by diatoms (Fragilaria crotonensis and Aulacoseira italica) and cyanobacteria (Anabaena andMicrocystis) (Amblard, 1992) . The occurrence of a given species at a certain period of anoxia may change from year to year but those cited remain the primary ones ( Amblard, 1992) . Organic matter mineralization occurs mainly through methane fermentation (ca. 97%; Sarazin et al., 1995) . The sedimentation rate, which was estimated at about 5 mm per year from 210 Pb determinations (Sarazin et al., 1992) , is presently thought to be higher, perhaps as great as 1 cm per year ( Michard et al., in press ).
Sample collection and storage
Three sediment traps, not treated with antibiotics, were deployed at depths of 5, 10 and 14 m in the deepest part of the lake from October 1995 to September 1996. Trap particles were collected monthly by filtration on glass microfibre filters (Watman GF/F diam. 47 mm.).
Core sediments (Ø=12 cm and length of 45 cm) were taken in the deepest part of the lake, in December 1995, by scuba divers, by insertion of PVC tubes into the sediment. This operation was done very carefully in order to prevent any disturbance of the upper part of the sedimentary column where the water content is very high (98% at the sediment surface; 92% at 40 cm depth). The core was immediately extruded from the sleeve and split into 22 two cmthick slices.
All these bulk samples (from traps and core) were weighed, frozen for transportation and freeze-dried in the laboratory. Most of the inorganic material is amorphous silica of diatom origin (i.e. 70-80% SiO 2 ) (Sarazin and Ogier, 1999) .
Chemical analyses
Organic carbon analysis (OC%)
The suspended particles on glass microfibre filters (GF/F) were analysed for organic carbon (OC) by combustion in a LECO CNS 2000 analyser whereas core sediment samples were analysed by Rock-Eval pyrolysis (Espitalié et al., 1985) , with an RE6 device of Vinci Technologies.
Monosaccharide analysis
The procedure used for neutral sugar analysis is derived from previous works (Modzeleski; Oades et al., 1970; Bethge and Cowie) but mostly from Sigleo (1996) . However, because there is much variation in the type and concentration of the acid used for polysaccharide hydrolysis, we first conducted a series of experiments to determine the optimum acid concentration, i.e. a concentration sufficient to release the maximum amounts of compounds but with minimal degradation and/or polycondensation, e.g. Maillard reactions with amino acids. Because of insufficient quantities of sediment trap material (and rather low sugar concentration in the core sediments) this preliminary check was carried out with purified OM from a recent cyanobacterial mat from the Atoll of Mururoa ( Disnar and Trichet, 1980) . The results of this test which was carried out in the operating conditions described below for the first hydrolysis step, are presented in Table 1 . In contrast to Sigleo (1996) , who already observed a notable decrease of sugars released by hydrolysis of river colloidal material with increasing acid concentration from 0.5 to 1 N (at 100°C), we obtained very comparable yields with 1, 1.2 and 2.5 N HCl, at 100°C, at least for compounds present at levels higher than 1 mg/g. For these compounds, the mean standard error is lower than 7%. It is lower than 4% for glucose which is present at levels higher than 10 mg/g. According to these results we carried out polysaccharide hydrolysis with a 1.2 N HCl concentration. However, we independently determined that 0.5 N HCl was sufficient to totally release vascular plant hemicellulosic sugars ( Bourdon, 1999 and Bourdon) .
As described below, the hydrolysis was conducted in two successive stages. The first stage aimed to release sugars from rather labile polymers such as hemicelluloses while the second stage, conducted on the solid residue of the first stage, after soaking with concentrated acid, was performed to release especially the cellulosic glucose. As a matter of fact, this pretreatment (12 N HCl) is required to hydrate more resilient bonds such as those present in vascular plant cellulose, prior to hydrolysis (Vallentyne, 1963; Cowie and Hedges, 1984) . As shown in Tables 2 and 3 , glucose is usually dominant or sometimes the only sugar determined in the second hydrolysate (12 N HCl). However, xylose is sometimes also determined. In trap samples ( Table 2) , xylose is present in relatively small proportions whereas in two core samples (Table 3 ) it is present in comparable levels to that of glucose (i.e. 5 and 9 cm). Table 2 . OC content and neutral carbohydrate composition of sediment trap samples Table 3 . OC content and neutral carbohydrate composition of sediment core samples
Operating procedure
Samples for neutral sugar analysis (1-18 mg of the material collected on the GF/F filters for trap sediments and 10 mg for core sediments) were introduced in Pyrex tubes together with 5 ml of 1.2 N HCl, the tubes were tightly closed under vacuum and heated for 3 h at 100°C in an oven. After hydrolysis and cooling, the samples were filtered on GF/F filters. The solution was kept for sugar analysis while the solid residue and the filter were introduced in Pyrex tubes where they were soaked for 12 h at ambient temperature with 2 ml of 12 N HCl. After that stage, the concentrated acid was diluted to 1.2 N HCl, the tubes were closed under vacuum and the hydrolysis was performed under the conditions described above for the labile sugars. In each hydrolysate, 1 ml of a 0.2 mg/ml solution of 6-deoxy--glucose, was added as an internal standard (Wicks et al., 1991) . The hydrolysates were first concentrated to 1-2 ml in a rotary evaporator, at a temperature not exceeding 50°C. Subsequently, the residual water and acid were evaporated to dryness at 25-30°C, after the addition of 20 ml of propan-2-ol which forms an azeotrope with H 2 O and HCl. The flasks containing the sugars were dried during 24 h over KOH in a desiccator. The anomeric sugar mixtures were equilibrated with 1 ml of lithium perchlorate (0.2%) in pyridine, in closed vials, for 12 h, at 40°C (Bethge et al., 1966) . Sylilation was performed by adding 0.5 ml of N,OBis(trimethylsilyl)trifluoroacetamide and leaving the vials for 1 h at 70°C. The solvent and excess sylilating reagent were removed under reduced pressure, 1 ml of toluene was added and the trimethylsilyl derivatives were analysed by capillary gas chromatography.
Capillary gas chromatography
The silylated sugars were analysed on a Perkin-Elmer Auto System XL gas chromatograph equipped with a CP-Sil 5CB fused silica capillary column (0.22 mm i.d.×25 m; 27 μm film thickness), a flame ionization detector held at 300°C, a split/splitless injector maintained at 300°C and used in the splitless mode (valve reopened 1 min after injection). After 1 min hold at 60°C the oven temperature was increased from 60 to 120°C at 30°C/min, and then from 120 to 240°C at 3°C/min. The carrier gas was helium. Peaks were identifited (through retention times) and quantified using a standard mixture of eight neutral monosaccharides, namely, arabinose, rhamnose, ribose, fucose, xylose, mannose, galactose and glucose. Quantitation was based on one of the major and better resolved anomer peaks given by each studied compound (Bethge et al., 1966) . Total sugars were calculated as the sum of the compounds identified and quantified. Analytical errors, determined from four-fold replicate analyses of the same equilibrated standard solution, varied between 2.6 and 13% depending on the type and the abundance of the compound considered (rhamnose=3.1%; RIBOSE=11.5%; FUCOSE=11.7%; XYLOSE=4.2%; MANNOSE=4.7%; GALACTOSE=13.1%; GLUCOSE=10.1%). This error is comparable to that determined with the cyanobacterial material used for checking hydrolysis conditions (see above).
Results
Sediment traps
Bulk particulate material, diatom silica, OC and total carbohydrate fluxes measured on the 12 monthly sediment-trap samples collected at 5 m depth, in the epilimnion of the lake, display closely parallel temporal variations (Fig. 1) . The highest sugar fluxes, which reach 0.082 g/m 2 /d are observed in November, the month of the lake overturn. Other high values are observed from January to June. Usually sugar fluxes vary similarly in the deepest traps (10 and 14 m) and in the epilimnion. Exceptions observed in October, January, May and July at 10 m depth, and in October and February at 14 m (Table 2 ) are discussed later. In sediment-trap samples, the concentrations of all monosaccharides normalised to OC contents (T ), are generally greater than 4 mg carbohydrate/100 mg OC, as determined in the bottom sediment upper layer which represents at least 2 years of sedimentation ( Fig. 2 ; Table 3 ). From January to May and in July 1996, the T concentrations remain rather low in all traps with an average value of 6.1 mg/100 mg OC whereas high T concentrations are measured in June and from August to December. In contrast to the rest of the year, homogeneous T concentrations of 11.6 and of 9.5 mg/100 mg OC were measured in the three traps, in November and December, respectively. Conversely, during summer, higher monosaccharide concentrations are found in the hypolimnion (traps at 10 and 14 m) than in the epilimnion (trap at 5 m) ( Table 2 ). During the same period, or more exactly from June to October, the T concentrations increase from 8.5 to 11.6 mg/100 mg OC in the epilimnion. In general, weight percentages of individual neutral sugars in all sediment-trap samples are dominated by rhamnose (40-50%), followed by glucose (25-30%), fucose (10-20%), xylose (8-10%), mannose (5-8%), galactose (2-3%) and arabinose (2-3%). Ribose is present at low concentrations and often below the detection limit (Table 2 ). Only seven of the 36 samples record a different sugar composition ( Table 2 ). Four of these samples which were collected in the shallow trap (trap at 5 m) in October, February, July and September, mainly contain noncellulosic glucose, while three other samples, which were collected in the deepest traps at 10 m in January and at 14 m in April and May, have cellulosic glucose and xylose as dominant sugars.
Overall, the main compositional change in the water column is observed in summer, especially in June and September. Then, the fluxes of arabinose, rhamnose and fucose increase with depth whereas those of glucose, mannose, galactose and ribose decrease, sometimes until total disappearance (e.g. mannose and galactose in September; Table 2 ). As shown in Fig. 3 for the three major sugars, this seasonal trend is particularly well marked in September with a threefold increase of the fluxes of rhamnose and fucose from 5 to 14 m depth and with a simultaneous stronger decrease in the flux of glucose. During summer, a significant positive linear correlation is seen between the fluxes of rhamnose and fucose: R Rham-Fuc =0.94 for n=12 (Fig. 4) . 
Core sediments
OC values first decrease sharply from more than 11.5% at the top of the core to less than 8% in the immediate underlying two-centimetre thick layer and to 6.5% in the following twocentimetre thick layer (at 5 cm depth). This downward trend continues more smoothly to reach values of ca. 4% OC at about 40 cm depth (Table 3 ). The total neutral carbohydrate concentration exhibits a similar downcore profile with a value of 4.6 mg/g (dry weight basis) at the water-sediment interface, followed by 3 mg/g at 5 cm depth and only 1.2 mg/g at 43 cm depth ( Fig. 5) . These compound concentrations indicate that only 0.9-2.1% of the sediment organic carbon is from carbohydrates. These values compare unfavourably with the 17% amino-acid carbon found by Albéric et al. (1996) in the upper sediment level (0-5 cm). The average carbohydrate composition of the bottom sediments is close to that of the sediment trap samples except for fucose which is slightly less abundant. Rhamnose is always the dominant monosaccharide (40-50%), followed by glucose (25-30%), xylose (10%), fucose (8-10%), mannose (5-8%), galactose (2-4%) and arabinose (1-3%), with ribose often below the detection limit.
The concentration of most individual monosaccharides shows the same decreasing trend with depth, except for rhamnose which decreased more sharply than the other compounds in the top 5 cm. The rather smooth decrease of the concentrations of xylose and cellulosic glucose is interrupted by anomalously high amounts of one or both these compounds at 5, 9 and 29 cm depth ( Fig. 5 and Table 3 ).
Discussion
Carbohydrate flux in the water column
The sharp maximum of particulate material, diatom-silica, OC and total carbohydrates observed in the trap at 5 m in November as well as the high fluxes of all these components also observed in winter and spring (i.e. from January to June) in the same trap (Fig. 1) , correspond closely to the settling of diatoms which constitute the greatest part of the phytoplanktonic production in lake Aydat ( Aleya and Devaux, 1989) . If the diatoms dominate the phytoplanktonic production during spring, they give way in August to cyanobacteria, themselves dominated by the genus Microcystis and Anabaena (Amblard et al, 1988) . In November, during lake overturn ( Poulin, 1997) , the fluxes of organic carbon and sugars reach their maximum ( Table 2) These high values can be explained by the well-known flocculation of organic and mineral matter on iron oxyhydroxides (Sigg et al., 1992) . As a matter of fact, in seasonally anoxic lakes, iron oxyhydroxides are formed when Fe 2+ species, that accumulated in the anoxic hypolimnion during the period of water stratification, are overturned in the water column and oxidised. Authigenic oxy-hydroxides of iron have an important specific surface that permits the adhesion and flocculation of most of the organic compounds (Tipping; Tipping and Hamilton) . This process is favoured by divalent cations such as magnesium and calcium which reduce the negative repulsion forces between particles ( Fattom and Shilo, 1984) . The efficiency of this process results in an almost total purification of the water body, as demonstrated by the very low flux values determined in December ( Fig. 1) .
TCH 2 O values provide an indication of the reactivity of sugars relative to bulk OC (Fig. 2) . Thus, the increase in TCH 2 O concentrations, observed in the epilimnion from June to September, suggests a progressive enrichment of settling particles in sugar and maybe other organic compounds. As previously observed by Hick et al. (1994) in Lake Itasca (Minnesota, USA), this trend is consistent with the simultaneous increase in the density of the phytoplankton population in the summer ( Amblard et al., 1988) .
If one considers the neutral carbohydrate data in the deepest traps (10 and 14 m), one notices that the total fluxes determined in October, January, May and July at 10 m, and in October and February at 14 m do not agree very well with OC contents (Table 2 ). All the corresponding samples are also characterised by T concentrations lower than those measured in the trap at 5 m over the same periods, and even less than those determined in the top 0-2 cm sediment core interval (Fig. 3) . These samples also generally present (i) higher sedimentary fluxes than those determined in the epilimnion for the same month, and (ii) higher concentration of xylose and/or cellulosic glucose ( Table 2 ). The abundance of these two compounds, characteristic of the structural polysaccharides of higher plants ( Timmell and Sjostrom) , suggests large inputs of vascular plant remains from the watershed. This allochthonous material was most likely brought into the lake by the Veyre river, the flow of which penetrates the water body at 5 m depth ( Poulin, 1997) .
Source of carbohydrates
During summer (from June to October), except for samples influenced by terrigenous inputs (especially in July and in October), the TCH 2 O concentrations (Fig. 2) increase from the epilimnion to the hypolimnion: they then reach their maximum values in the range of 10.1 to 16.8 mg/100 mg OC. This increase of carbohydrate in sinking particles might indicate abundant organic production in the anoxic hypolimnion, and thus from bacteria. The high proportions of rhamnose in trap samples, and the increase of the flux of this compound with increasing water depth in addition with those of fucose, suggest a non-vascular plant source, that is a microbial origin for both compounds ( Fig. 3) . Fucose is often mentioned as a storage polysaccharide in phytoplankton ( Percifal and Cowie) or as a main component of diatoms ( Hecky et al., 1973) . However, the association of fucose with rhamnose strongly suggests a bacterial origin for both these deoxyhexoses ( Barker; Boon et al., 1983; Bhosle and Hicks) . Hicks et al. (1994) , who performed sugar analyses on different organic materials (vascular plants, zooplankton, phytoplankton and bacteria), observed that only bacteria contained abundant proportions of rhamnose and fucose, e.g. 25.8-44.9% of the former and 4.4-18.1% of the latter in Pseudomonas fluorescens and Azotobacter chrococcum, respectively. In addition Coulobacter crecentus contained up to 60.6% rhamnose but no fucose. It has also long been known that Pseudomonas aeruginosa is able to synthesize important quantities ( 3.16 g/l) of an extracellular glycolipid consisting of two moles of 1-β-hydroxydecanoic and two moles of rhamnose (Jarvis and Hauser) . Similar compositions were found in trap samples from lake Aydat where the relative amounts of rhamnose and fucose were in the range of 34.1-59.5% and of 5.2-27.8%, respectively. The association of these compounds is also striking, especially in summer where their flux values are highly correlated: R Rham-Fuc =0.94 (Fig. 4) . By analogy with previous observations, we suggest that rhamnose and fucose are most probably derived from heterotrophic bacteria capable of thriving in anoxic waters at the expense of cyanobacteria which proliferate in the epilimnion during summer ( Amblard, 1992) . The apparent preservation of microbial sugars might have been favoured by a preferential consumption of proteins rather than sugars by the microbial community, during cyanobacterial decay under anoxic conditions ( Harvey et al., 1995) . This interpretation is supported by the simultaneous decrease in glucose, with depth, since this ubiquitous compound is common in cyanobacteria ( Weckesser and Malam Issa, 1999) and in diatoms ( Meeuse; Bolter and Tanoue) . In these latter organisms, glucose occurs in chrysolaminarin α-B-1-3 glucan, a storage polysaccharide that is easily removed by aquatic biota in sinking diatoms ( Handa; Hitchcock; Liebezeit and Bhosle) . Galactose and mannose also decrease with water depth and might similarly be components of storage polymers susceptible to degradation during settling. Similar observations made on other aquatic environments, oceans or rivers, were also interpreted as symptomatic of the degradation of autochthonous material in the water column ( Hamilton; Bhosle; Hedges and Hernes).
Preservation and stability of carbohydrates
The concentrations of all monosaccharides normalised to OC contents (T ) (Fig. 2 ) are generally much higher in the trap samples than in the 0-2 cm core sediment interval. This decrease of total (T ) and individual compound values continues in the bottom sediments (Table 3) , especially in the upper 5 cm. Similar observations made in various aquatic environments, were interpreted as the result of degradation of organic material at the water-sediment interface ( Cornett; Hedges and Hicks) . The occurrence of high proportions of rhamnose in trap and core sediment samples denotes the abundant production of this sugar by bacteria in the water column and especially at the sediment surface. Its efficient removal in the top 5 cm sediment interval is most certainly realised by different genera of bacteria. Despite this evolution in the upper part of the sediment core, the average sugar composition of the core sediment is similar to that of the trap samples. However, glucose and fucose concentrations decrease substantially between the deepest trap (14 m) and the 0-2 cm sediment core interval. For example, in December, the relative concentration of these two compounds decreases from 25 to 14% and from 10 to 7%, respectively. The corresponding evolution of these two sugars suggests that they have the same origin. The assumption that glucose originates from primary producers like diatoms (see above) implies that fucose might also, at least partly, originate from such organisms, even if it is mainly associated with bacteria. In such conditions, the decrease of glucose and fucose at or near the water-sediment interface might express a preferentially removal of phytoplanktonic organic compounds. In addition to primary material consumption by heterotrophic bacteria, this removal can partly be caused by the producers themselves. As a matter of fact, when the latter have sunk alive to the bottom of the lake, they can use their storage components during their time of survival. The survival of at least 50% of these organisms at depth in the water column (e.g. −30 m) has been proven by ATP measurements in lake Pavin ( Amblard and Bourdier, 1990) . Intact bacterial cells can also contribute substantially to the organic carbon pool, particularly during periods where microbial activity is greatest ( Harvey and Macko, 1997) . The higher proportions of cellulosic glucose, xylose, mannose, galactose and arabinose in core sediment samples than in the trap samples suggest that they are more refractory to biodegradation than the previously mentioned compounds. Xylose and cellulosic glucose are diagnostic of allochthonous inputs of cellulose and hemicellulose from the watershed. In addition to the well-known intrinsic resistance of these two polymers to bacterial attack ( Hedges and Tanoue), they might also have been protected by some external means (e.g. by adsorption onto clay minerals; Oades, 1995) . The abundant proportions of xylose and cellulosic glucose at 5 and 9 cm depth, suggests the presence of some vascular plant debris at these levels. This hypothesis is strongly supported by the fact that a notable part of the xylose found at these levels (i.e. 69 and 89%, respectively) was released with cellulosic glucose, during the second acid hydrolysis, after soaking with concentrated HCl.
Conclusion
The neutral carbohydrate compositions of trap and core sediment samples allow us to formulate the follow major conclusions: in lake Aydat, the organic matter originates principally from non-vascular plants. The amounts of sugars increase progressively: (i) in the epilimnion during summer, until phytoplankton production reaches its maximum and (ii) in the hypolimnion as a result of high bacterial production.
Secondary organic inputs originate from vascular plant which are characterised by their content of xylose and cellulosic glucose. From time to time, rather high proportions of these two compounds in the deepest traps denote lateral inputs of allochthonous organic matter contributed by the river Veyre. The occurrence of such events is also recorded at some levels in the sediment core.
The abundance of rhamnose in traps and core sediments and the increase of sugar contents with depth in the water column, during stratification, suggest that the monosaccharide abundance and composition is strongly related to microbial production. There is, possibly, also some sugar preservation during anoxic cyanobacterial decay due to preferential microbial consumption of other biochemical compounds e.g. proteins. A notable part of the primary sugars that are not mineralised during settling are degraded at the water-sediment interface by heterotrophic bacteria produced in situ, perhaps also by organisms produced in the water column that have sunk alive to the bottom of the lake. Under these conditions, in contrast to fatty acids which are deposited, unaltered, to the bottom of the lake (Maurin and Bourdier, unpublished data), the neutral sugar composition does not solely reflect the primary planktonic production but also the activity of the microflora and the mineralization of organic matter.
Even then, in conditions which favour organic matter accumulation, i.e. high primary production and reducing conditions, efficient sugar consumption by the microbiota prevents the carbohydrates from contributing significantly to the preserved organic matter. However, these polymers, present in relatively low amounts in sediments are a useful tool for the study of biological and physico-chemical processes that occur in the aquatic environment.
